Introduction
The pathways along which the electrical currents generated by the fetal heart are conducted to the surface of the maternal abdomen are not known. As a consequence, in recording the fetal electrocardiogram (FECG) it is hard to predict where electrodes should be placed in order to obtain an optimal signal. The FECG varies with gestation [2] , and there is a large interindividual variation in the amplitude of the FECG and in the optimal recording site among subjects of the same gestational age.
The decrease in amplitude around the 30th Week has been ascribed to the isolating effect of the vernix caseosa, which surrounds the fetus at that time [2] . Two different hypotheses concerning the conduction of the electrical signal of the fetal heart are found in literature. Based on the distribution of the FECG on the maternal abdomen, ROCHE and HON [8] postulate that the electrical signal is propagated mainly by low-impedance pathways, such as the umbilical cord-placenta pathway and the fetal mouth-amniotic fluid pathway. TACCARDI [9] on the other hand describes a case which resembles more the conduction of the electrical signal through a homogeneous volume. OLDENBURG and MACKLIN [6] suggest that there is uniform volume conduction during the beginning of the second half of gestation, but that preferred pathways play a dominant role in the signal transmission during the last weeks of gestation.
However, all these theories are based on recordings from just a few simultaneous leads, or on signals successively recorded at different sites. To test a model of the volume conductor based on a detailed description of the geometry involved, simultaneous potential measurements on many sites are needed. This paper presents the methods for obtaining the potential distribution generated by the fetal heart at the maternal abdomen from multi-lead recordings, and for a 3-dimensional description of the geometry of the volume conductor, as observed by means of echography. In future studies the theoretical potential distribution derived from this geometrical model will be confronted with the recorded potential distribution. This is done separately for the fetus, placenta, uterus and maternal abdomen. The overall accuracy of this technique is 1 cm.
Fetal body surface maps (FBSM)
The abdominal FECG is recorded on 32 leads simultaneously. The electrode placement is shown schematically in figure 1. All potentials are measured with respect to the reference electrode (placed at the right thigh).
Material and methods
Pregnant volunteers with uncomplicated pregnancies are examined once every two weeks from 20 weeks of gestation onward. At this stage 3 pregnancies have been followed. At these sessions the electrical potential distribution at the maternal abdomen is recorded. Real time echography is used for and after the recording to check whether the fetus has moved during the recording. Echography is also used to obtain a detailed description of the geometry.
Geometry
To obtain a detailed description of the geometry, transverse scans are made every 2 cm across the maternal abdomen, using a compound echo scanner (Diasonograph NE4200, ultrasound probe 2.5 MHz).
The video display image is copied using a hardcopy unit (Tektronics 4632). The contours of the relevant tissues (fetal head and body, placenta and uterus) and the place of the fetal heart are documented visually from these hardcopies. The extremeties of the fetus are not included. Real time echoscopy is used to support the identification of the various parts of the anatomy. In addition to the echography the contours of the maternal abdomen are recorded by applying a flexible ruler at 4 cm intervals. The contours are fed into a PDP-11 computer using a graphics tablet. From these contours the surfaces of the anatomical compartments are formed by a triangulated representation [5] . 
Recording system
The recording system consists of the following components (figure 2):
·-a low noise buffer amplifier for the reference electrode, 32 low noise differential pre-amplifiers and 32 isolation amplifiers. The total gain per channel is 10 000, the common mode rejection is 80 dB and the noise measured with short circuited inputs is 2 μΥ peak to peak; -32 low-pass 4th order Bessel filters, with a cutoff frequency of 250 Hz; -32 sample and hold circuits; -a 32 channel Α-D converter with 12 bit resolution, operating at 500 Hz; -a DEC 11/34 computer with peripherals. This recording system provides a 32 leads recording, digitized within a range of -1 to l mV, having a resolution of 0.5 μ¥, sampled at 500 Hz [4] . At each session a recording of 45 seconds is made and stored on disc for further processing.
Signal quality
The total noise in the recordings varies from 3 to 10 μΥ peak to peak. In many leads no fetal signal can be discerned in the noise. Because of this, the recording of just one fetal heart beat does not yield a reliable potential distribution.
To improve the signal to noise ratio, a time coherent averaging technique is used. The procedure to obtain average fetal complexes in the different leads consists of the following successive steps (table I).
Signal processing
A digital 2 Hz high-pass filter is applied to all leads to reduce low frequency disturbance, caused for example by the maternal breathing. A lead with a prominent maternal ECG is selected to provide a trigger indicating the maternal complexes. The trigger moment is defined as the moment where the first derivative of the signal reaches it's maximum or minimum, whichever occurs first.
A spatial filtering technique [7] is used to obtain a signal, from which the maternal contribution has been removed, and in which the fetal contribution has been maximized. This signal is a well chosen linear combination of the recorded signals. We will refer to this linear combination further as the "spatial filter output". The spatial filter output is used to provide a trigger for the fetal complexes. Figure 3 shows a segment of two of the 32 recorded signals, as well as the spatial filter output.
To perform this technique, .one fetal complex has to be identified in the original recording. If no fetal complex is visible in any of the recorded leads, this computer processing technique is not possible. In our registrations thus far, fetal complexes were visable in 80% of the cases. Using the maternal trigger average maternal complexes are determined by means of time coherent averaging performed in all leads. The average maternal complexes will be used to suppress the maternal contribution in each lead.
In a similar way, an average fetal complex is determined using the fetal trigger: A recording of 45 seconds contains typically some 80 to 100 fetal complexes. After straight forward averaging of such a number of complexes, a considerable amount of maternal ECG may still be present in the average fetal complex. To overcome this, the maternal contribution is suppressed by subtracting the average maternal complex around each maternal trigger. This is done in each lead separately, using the average maternal complex of that specific lead. The corrected signal is then included in the averaging procedure for the fetal complexes. Figure 4 demonstrates this subtraction in one lead.
If a fetal complex coincides with a maternal QRS-complex, it is yet excluded from averaging, because even after subtraction of the average maternal complex relatively small changes in QRS amplitude or the inevitable jitter within the sampling interval of 2 ms may result in an unacceptably large remainder in the average fetal complex [1] . Coincidence is defined as a maternal trigger moment within less than 120 ms from the fetal trigger moment.
Finally, a baseline correction of the averaged fetal complexes is performed in each lead. To do so, the beginning and the end of a QRS complex are marked interactively. Next, the averages of the samples in a window of 20 ms before the beginning and in a window of 20 ms after the end of the QRS complex are determined. A linear ramp is subtracted from the signal in such a way that in the resulting signal both averages will be zero.
In the resulting simultaneous average fetal complexes the noise is reduced to 1 to 2 μΥ peak to peak.
Presentation of the potential distribution
The average fetal complexes may be plotted at a map of the sites where they were recorded. To observe the relationship between the various potential values at any given time instant another representation is used: the body surface map [10] . In a body surface map the complete potential distribution on the body surface at one specific moment during the cardiac cycle is plotted by means of e. g. a color scale.
In the present study a map of the potential distribution at the maternal abdomen generated by the fetal heart will be called a fetal body surface map (FBSM). In the FBSM's shown the maternal abdomen is projected on a flat surface, corresponding to the "map area' 9 , as indicated in figure 1 . At each electrode the potential at a specific moment during the fetal cardiac cycle is taken from the average fetal complex; the potential distribution can be plotted after bilinear interpolation [3] .
Results
In figure 5 an example is shown of the triangulated representation of the feto-uterine geometry, observed in a subject of 40 weeks gestation. The fetus, placenta, uterus and maternal abdomen are shown separately and combined.
Using a computer, more realistic views from any point in space can be generated from this representation, as shown in figure 6 . Figure 8 shows the FBSM of the same individual at one specific moment during the fetal cardiac cycle (t = -2ms). The potential is plotted in a colour scale. Figure 9 shows the FBSM of the same individual at subsequent moments during the fetal cardiac cycle. Figures 8 and 9 demonstrate that the maximum and minimum of the potential distributions do not have a 'fixed location, and that they are not always within the area covered by the abdominal electrodes. 
Discussion
A method has been presented to record the intrauterine anatomy (uterus, placenta, fetus) in three dimensions, and to record the complete potential distribution generated by the fetal heart at the maternal abdomen as a function of time. In a future study a mathematical model will be made to explain the-measured'potential distribution in terms of volume conduction, both qualitatively and quantitatively. This model will include the detailed description of the geometry as presented in this paper. The recorded potential distribution will be used to verify the model.
The material studied thus far shows that the positions of the extremes of the potential distribution are not fixed during the cardiac cycle, but move over the maternal abdomen ( figure  9 ). This suggests that the depolarization of the fetal heart has to be described by an equivalent source with the complexity of at least a rotating dipole.
This observation is not in agreement with the "low-impedance pathways" model as described in the introduction, which would yield a physical dipole source of fixed position and orientation and hence would produce fixed places of the potential extremes. In such a model the form of the fetal complexes would be the same at all sites, which is contradicted by figure 7 .
Furthermore it has been demonstrated that the extremes of the potential distribution at the maternal abdomen are not always within the range of abdominal electrodes. The clinical implication of this observation is that a FECG with maximum amplitude is sometimes obtained between electrodes which are placed at the edge or outside the abdominal range.
Summary
The pathways along which the electrical currents generated by the fetal heart are conducted to the surface of the maternal abdomen are not known. As a consequence, in recording the fetal electrocardiogram (FECG) it is hard to predict where electrodes should be placed in order to obtain an optimal signal. The amplitude of the FECG varies with gestation [2] , and there is a large interindividual variability in the amplitude of the FECG and in the optimal recording site among subjects within the same gestational age. Attempts have been made to explain these phenomena in terms of volume conduction [6, 8, 9] . In this research the complete potential distribution on the maternal abdomen is studied in connection with the geometrical configuration of the electrical source (fetal heart) and the volume conductor (surrounding tissues). For a small group of pregnant women the abdominal FECG is recorded simultaneously in 32 leads during a period of about one minute, once every two weeks from 20 weeks of gestation onwards. A spatial filtering technique which combines information of all 32 leads [7] is used to provide a trigger of the fetal QRS complexes. Using this trigger, an average fetal complex is constructed for each lead by time coherent averaging, after subtraction of the maternal contribution. These average fetal complexes are combined to plot the complete potential distribution generated by the fetal heart at the maternal abdomen (fetal body surface map, FBSM) at any given time instant during the fetal cardiac cycle. At these recording sessions the geometry is carefully quantified by making transverse scans every 2cm with a compound echo scanner. The contours of fetal head and body, the placenta and the uterus are manually drawn on hardcopies of the Video display images. Real time echoscopy is used to support the identification of the geometry. The contours are fed into a computer using a graphics tablet. The three dimensional surfaces of fetus, placenta and uterus are separately represented by a triangulation of the respective contour lines. Figures 5 and 6 show an example of the triangulated representation of the recorded geometry. Figure 7 shows the average fetal complexes of an individual at 26 weeks of gestation, plotted at the site where they have been recorded. Each average complex includes 56 fetal complexes at that site. Figure 9 shows the FBSM derived from these average complexes, at subsequent moments during the fetal cardiac cycle. In a future study a mathematical model based on the recorded geometry will be made to explain the measured potential distribution in terms of volume conduction. The material presented shows that the extremes of the potential distribution are not fixed during one fetal cardiac cycle, suggesting an equivalent electrical source with the complexity of at least a rotating current dipole.
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Zusammenfassung Potentialverteilung der fetalen Herzströme am mütter-lichen Abdomen
Es ist nicht bekannt, über welche Leiter die vom fetalen Herzen erzeugten Potentiale an die Oberfläche des müt-terlichen Abdomen gelangen. Daher ist es schwierig, die Elektroden bei der Ableitung des fetalen EKG's (FEKG) richtig bzw. so zu plazieren, daß ein optimales EKG erhalten wird. Die Amplitude des FEKG's variiert mit der Schwangerschaftsdauer [2] . Darüber hinaus gibt es eine große interindividuelle Variabilität der FEKG-Amplitude sowie der optimalen Ableitungspunkte bei Feten mit gleichem Gestationsalter. Um diese Phänomene zu erklären, wird auf die unterschiedliche Volumenleitfahigkeit hingewiesen [6, 8, 9] . In der vorliegenden Studie haben wir die komplette Potentialverteilung auf dem mütterlichen Abdomen in Verbindung mit der Geometrie der elektrischen Quelle (fetales Herz) und des Volumenleiters (umgebendes Gewebe) untersucht. On ne connait pas les circuits le long desquels les courants electriques generes par le cceur foetal sont conduits ä la surface de l'abdomen maternel. II en decoule que lorsque enregistre Felectrocardiogramme foetal (FECG), il est difficile de prevoir ou placer les olectrodes pour obtenir un signal optimal. L'amplitude du FECG est variable avec la gestation [2] , et il existe üne grande variabilite interindividuelle au niveau de Famplitude du FECG ainsi qu'au niveau de l'emplacement d'enregistrement optimal par les sujets de meme äge gestationnel. On a fait des essais pour expliquer ces phenomenes en termes de conduction volumetrique [6, 8, 9] . Dans cette recherche, on a etudie la distribution potentielle complete sur l'abdomen maternel en connection avec la configuration geometrique de la source electrique (le coeur foetal), et avec le conducteur volumique (les tissus environnants). Sur un.petit groupe de femmes enceintes, le FECG abdominal est enregistre simultanement au niveau de 32 electrodes pendant une periode d'environ une minute, une fois tous les 15 jours a partir de 20 semaines de gestation. On utilise, pour assurer un doclenchement des complexes QRS foetaux, une technique de filtration spatiale qui combine les informations de Pensemble des 32 electrodes [7] . En utilisant cette initiation, on construit un complexe foetal moyen pour chaque electrode par moyennage temporel coherent, apres soustraction de la contribution maternelle. On combine les complexes foetaux moyens pour tracer la distribution potentielle complete generee par le coeur foetal sur l'abdomen maternel (carte de la surface corporelle foetale, FBSM) a chaque instant au cours du cycle cardiaque foetal. Au cours de ces seances d'enregistrement, on quantifie soigneusement la goometrie ä l'aide de coupes transversales tous les 2 cm realisees par une sonde echographique. On trace manuellement, sur des photocopies des images de Pappareillage video, les contours de la tete foetale et du corps, le placenta et Futerus. On utilise Fechoscopie en temps reel pour aider Pidentification de la geometric. Les contours sont fournis a un ordinateur ä 1'aide d'une table graphique. On represente separement par triangulation des lignes de contours respectifs les surfaces en trois dimensions du foetus, du placenta et de Puterus. Les figures 5 et 6 montrent un exemple de la representation triangulee de la geometric enregistree. La figure 7 montre les complexes foetaux moyennes d'un individu ä 26 semaines de gestation traces au niveau du site d'enregistrement. Chaque complexe moyenne inclut 56 complexes foetaux ä ce site. La figure 9 montre la FBSM derivee de ces complexes moyennes, successivement au cours du cycle cardiaque foetal. Dans une etude ulterieure, il faudra realiser un modele mathematique base sur la geometric enregistree pour expliquer la distribution potentielle mesuree en terme de conduction volumetrique. Le materiel presente montre que les extremes de la distribution potentielle ne sont pas fixes au cours d'une cycle cardiaque foetal, ce qui suggere une source electrique equivallente avec la complexite d'au moins un dipole de courant rotatoire.
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